Tomographic Images of Klyuchevskoy Volcano P-Wave Velocity
INTrOduCTION
Tomographic inversion for three-dimensional compressional wave velocity at volcanoes has been relatively routine since the early 1980's. Examples of three dimensional structure derived from seismic travel time inversion include Mount St. Helens [Lees, 1992] , Mount rainier [Lees and Crosson, 1990; Moran et al., 1999] , Kilauea [Ellsworth and Koyangi, 1977; Haslinger et al., 2001; Rowan and Clayton, 1993; Thurber, 1984] , Pinatubo [Mori et al., 1996] , Etna [Aloisi et al., 2002] , unzen [Ohmi and Lees, 1995] , Campei Flegrei [Aster and Meyer, 1988] , Medicine Lake [Evans and Zucca, 1988] , Vesuvius ], Yellowstone [Benz and Smith, 1984; Clawson et al., 1989; Husen and Smith, 2004; Iyer et al., 1981; Miller and Smith, 1999; Yuan and Dueker, 2005] , Mount Spurr, AK, [Brown et al., 2004] , Long Valley, CA, [Dawson et al., 1990; Dawson et al., 1987; Hauksson, 1988; O'Doherty et al., 1997; Peppin, 1985; Sanders, 1993; Sanders et al., 1995; Sanders et al., 1994] , as well as numerous others. In nearly all these cases low velocities were observed below the edifice of the volcanoes and they were interpreted as evidence for magma accumulation, sometimes called the magma plexus [Benz et al., 1996] . In this paper we apply tomographic inversion methods to data collected on a regional network of seismic stations near Klyuchevskoy volcano, Kamchatka, russia.
Klyuchevskoy volcano is one of the most active volcanoes in the Pacific rim [Fedotov and Masurenkov, 1991] . Construction of most of the 4800 m tall edifice occurred over the past 7000 years (Figures 1 and 2 ). It has erupted numerous times in the recent past and, along with Bezymianny [Gorshkov, 1959] and Tolbachik [Fedotov et al., 1979] volcanoes, represents possibly the most productive volcanic center of all subduction zones. On a larger scale it is important to note that Klyuchevskoy volcano and nearby related volcanic centers lie in the central Kamchatka depression off the axis of the coastal arc. Klyuchevskoy and Sheveluch are the northern most active volcanoes of the Kamchatka arc, which coincides with the collision of the western Aleutians and the Kamchatka Peninsula. Seismic and geochemical analyses have shown that the Klyuchevskoy-Sheveluch axis straddles the northern terminus of the subducting Kamchatka slab Yogodzinski et al., 2001] . Furthermore, the subducting slab shallows noticeably at its northern terminus . According to current models, warm mantle material erodes the slab as it is pressed around the unconstrained slab edge, causing magmas north of Klyuchevskoy to have distinct geochemical signatures associated with slab melt [Yogodzinski et al., 2001] .
Given the large f lux of magma at the surface of the Klyuchevskoy group (about 0.17 cubic km/year, ) we expect to see a large accumulation of magma stored in the crust or upper mantle. Active source seismic data acquired along the coast of Kamchatka have been used in the past to suggest that there is nearly no signature of a large magma body immediately below Klyuchevskoy, although a small accumulation was postulated below Bezymianny Volcano [Anosov et al., 1978; Utnasin et al., 1976] . Petrologic and geochemical analysis of Klyuchevskoy volcanic material suggests that the Klyuchevskoy group has a typical calc-alkaline composition [Kersting and Arculus, 1995; Ozerov, 2000] . Ozerov et al. [1997] conclude that magma genesis at Klyuchevskoy occura between 150-60 km depth where high-magnesium basalts are formed. They further suggest that there is no evidence for significant magma accumulation above 20 km depth and that at least two narrow, separate conduit systems feed into the active Bezymianny and Klyuchevskoy volcanoes. In the 20-30 km range they infer the presence of two distinct diverging conduits where fractionation occurs. The model suggests that the physical divergence ultimately produces the geochemical differentiation observed in the surface products: most Klyuchevskoy magmas are basaltic, whereas those at Bezymianny are andesitic-dacitic. A large concentration of hypocenters is evident in this zone indicating either tectonic or magmatic activity at 20-30 km depth, although the patterns of seismicity do not show explicitly the diverging conduits proposed by Ozerov et al.[1997] . dATA data used in this study consisted of over 1444 well-located events extracted from the extensive catalogue in PetropavlovskKamchatsky [Gorelchik et al., 1990] . data ranged from 1981- Events were recorded on paper records and picked by hand by the authors. P and S wave arrival times were determined at the observatory in Petropavlovsk and estimated errors were typically between .05 and .15 s. Hypocenters were located initially using a standard one-dimensional velocity model derived for the Klyuchevskoy region. Events were chosen only if they were well recorded at more than 5 stations and were deemed of high quality by the observers who performed the manual arrival time estimations. Typically, these earthquakes had root mean square residuals of 0.48 s (standard deviation 0.2 s), a median lateral location error of 1.5 km and a median gap of 124 degrees. (The large gap is due to the sparse network in operation during the 1980's and 1990's). Travel time arrivals (6461 P-wave and 9115 S-wave) were extracted, filtered for outlier high fluctuations and the data set was inverted for P-wave velocity.
INVErSION METHOdOLOGY
The methods used in this study follow that of Symons and Crosson[1997] . It is based on finite difference calculations of travel times for forward modeling similar to that developed by Benz [1982] . The target region is divided into blocks 5 km to a side, varying in depth according to divisions of the layered model used for simple 1-dimensional event locations. Travel times are calculated using a finite difference method [Hole, 1992; Vidale, 1988] which provides a solution to the The target region is defined as a vector (m) of the p slowness (1/velocity) values at every node in a three-dimensional grid plus four hypocenter coordinates for each of q earthquakes used in the inversion. Since inversion of seismic travel times is inherently non-linear, the approach is to solve a series of linear inversions. Linearizing the travel-time about a reference model and writing the residual (observed minus calculated travel-time) of the i-th earthquake at the j-th receiver as (1) we have, in matrix form (2) where J is the partial derivative matrix and δm is the correction required to make the reference model fit the data.
In general, equation (2) will be inconsistent and under-constrained, and (J T J) -1 will not necessarily exist. We regularize the problem by augmenting the system with additional constraint equations to penalize departure of the final model from a priori assumptions. For example, the Laplacian operator has been widely used as a smoothing operator in inversion studies [Constable et al., 1987; Lees, 1992] . This constraint forces models to be smooth by requiring gradients to be small.
Since we are interested in finding a smooth final model that is consistent with the observations (rather than just finding smooth perturbations) we modify the constraint equations as follows. If L is the discrete Laplacian operator that acts only on the slowness nodes of our solution vector m, then b 0 =L m 0 is the roughness of the current model m 0 . Since m=m 0 +δm, roughness will be minimized in the final model, m, if (3) A weighted version of this equation is added as a constraint to Equation (2) and solved by least squares. Since the combined system of equations is sparse (on the order of 0.001% non-zero elements) we use an iterative conjugate gradient method [Paige and Saunders, 1982] to simultaneously solve the entire problem in a least-squares sense for all slowness and hypocenter parameters.
Equation (1) is only a linearization of the true problem so we require multiple iterations to find a final solution. Iteration is continued until the norm of the solution vector δm reaches some prescribed low level. In practice the system typically converges in fewer than ten iterations.
An illustration of the sensitivity of the inversion method is presented in Plate 1. (Please see the "Animated view of the tomographic inversion of subsurface of Kliuchevskoi volcano" on the CdrOM accompanying this volume.) Point spread functions are used to estimate the resolving power of the inversion. These represent the response of the inversion methods to a model that has a 7 km diameter perturbation located at points of interest in the model. Tests show that the derived perturbations in the zone of interest (below Klyuchevskoy complex) are well-resolved (to within 7 km, or 1.5 block radius) with data used in this study. We are thus confident that the larger anomalies derived from these data represent real structures and do not reflect spurious noise or other adverse affects. At the edges of the models where ray coverage is limited, on the other hand, the inversion results are not conclusive and we refrain from interpretation. The interpretations described below take a conservative stance and are thus restricted to regions that have a good resolution and low standard error. Anomalies that extend beyond a typical 2-3 block radius are considered to be well resolved and open to interpretation with confidence.
rESuLTS
The P-wave velocity anomalies show considerable heterogeneity near the surface with fluctuating high and low perturbations (Plates 2 and 3). The first anomalous regions appear between Klyuchevskoy and Sheveluch as high velocity perturbations at depths of 5-7 km. The high and low velocity anomalies are very heterogeneous (alternating between high and low) between 9 and 13 km depth. An apparent high velocity ridge or lineation is evident along an axis from Klyuchevskoy and Sheveluch and 50-80 km diameters high velocity is evident north east of Kizimen volcano. From 13-20 km a broad lower velocity anomaly is observed in abroad region between Klyuchevskoy and Sheveluch. This region has a lateral extent of more than 100 km. Around 21-23 km depth there is a broad higher velocity anomaly that extends over the whole model. Beginning at 23 km depth a concentrated, nearly circular, low velocity anomaly is clearly defined below the Klyuchevskoy complex. It has a radius of about 12 km and is offset from the peak of Klyuchevskoy by 10 km. This low velocity anomaly extends to depths of 35-37 km, although loss of resolution at these depths prevents us from providing clear delineation of the anomaly much below 33-35 km depth. To illustrate the degree of this perturbation, the low velocities at 25-27 km depth range from 5.3 to 4.5 in the center of the anomalous region. The standard 1-d velocity model used for this region at these depths is typically 6.8-7.7 km depth. Assuming a background velocity of 7.34 km/s the estimates from our 3-d model suggest perturbations ranging from 27-38%. Even if these values are over-estimated, they represent a significant perturbation at these depths. The low velocity anomaly at 23-35 km depth coincides with the concentration of deep seismicity below the Klyuchevskoy volcanic complex. The distribution of high and low velocity anomalies is particularly evident when viewed in cross section (Plate 3). The low velocity anomaly situated below the Klyuchevskoy group has a cylindrical or conical shape tapering down towards the Moho (23-35 km depth). A higher velocity sill or layer is above this and in the shallower regions, above 12 km depth, numerous heterogeneous anomalies are distributed throughout the cross sections. Although velocity perturbations can be attributed to a variety of sources, we assume that the shallow regions in this part of Kamchatka are related to the complex structures accumulated over the course of subduction and accretion of the Kamchatka arc. Shallow anomalies may be associated with lithologic variations, hydrothermal alteration, and distribution of faults and cracks, in addition to geothermal fluctuations. Without additional a priori information constraining the interpretation of these complex variations it is difficult to assign a specific interpretation to a particular anomaly on an individual basis.
In the case of the deeper anomaly (21-35 km depth) below the edifice we are confident that the velocity variation is most likely due to the presence of a significant amount of partial melt or, alternatively, an intense thermal anomaly. The deep anomaly furthermore coincides with deep long period events similar to those found below Mt. Fuji [Nakamichi et al., 2004] . Measurements of seismic P-wave velocities for igneous rocks in laboratory environments suggest that perturbations greater than 50% indicate a considerable proportion of partial melt in samples [Sato et al., 1989] . It is rare to find tomographic inversions with perturbations of this magnitude, although some exceptions are notable [Horiuchi et al., 1997] . This is partially due to issues related to regularization introduced in the calculations because of inconsistencies in the data . It may, however, be due to the fact that large accumulations of melt or partial melt, on batholithic spatial scales at least, are simply not present in the deeper parts of the crust Glazner et al., 2004] . On the other hand, it may be that significant percentages of partial melt exist but are distributed in a way that is masked and invisible to tomographic analysis. The non-uniqueness of the tomographic inversion, coupled with the lack of additional constraining information (such as thermal history, density, or lithology derived from xenoliths, for example) makes it impossible to determine unequivocally the exact perturbation magnitude associated with images derived via seismic inversion.
While it is clear that a significant velocity anomaly is present below Klyuchevskoy (Plate 3), the resolving power of the data is not sufficient to delineate individual structures internal to anomalies discussed here. The 25% perturbation suggests there is a significant heat anomaly at 20-30 km depth and it is likely that there is a substantial amount of melt accumulated in this zone. The resolving capabilities of this data set are not fine enough to allow for the isolation of individual conduits connected to specific active volcanic centers like Klyuchevskoy, Bezymianny or Tolbachik. rather, we see a broad subsurface region with low enough velocity to suggest that significant melt is present and most likely provides a magma storage region that feeds these volcanic centers. The images produced in this study fall into an intermediate scale for tomographic investigation below volcanic regions. At smaller scales, shallow anomalies interpreted as magma accumulation have been observed above 10 km [Lees, 1992] . At larger scales, anomalous low velocities are observed in the upper mantle below calderas like Yellowstone [Clawson et al., 1989] and Long Valley [Sanders et al., 1995] . At the caldera scale, amplitudes of anomalous features, compared to expected melt accumulates anticipated for such large scale eruptions, are relatively small. Furthermore, large amplitude, extensive low velocities are often absent in mid-ocean ridge spreading centers where it is known that a considerable flux of volcanic material emerges along axes. The position and amplitude of the anomalies below Klyuchevskoy, on the other hand, provide strong evidence for significant melt accumulations and support the idea that lower crustal storage is probably present at the northern terminus of the Kamchatka arc.
It has been noted that the northern terminus of the Kamchatka arc represents the northern terminus of subducting Pacific plate where the plate apparently exposes an edge as it plunges into the mantle [Lees, 2006; Levin et al., 2002; Park et al., 2002; Yogodzinski et al., 2001] . Yogodzinski et al. [2001] showed that adakitic material, derived from slab contamination of the upper mantle, is present at Sheveluch but not at Klyuchevskoy. The lack of significant slab material north of the Klyuchevskoy group allows the slab to bow upward below Klyuchevskoy where the plate is deformed by shoaling. The results of this study do not shed new light on this process, although it may be that shoaling slab creates a state of buoyancy that encourages a large flux of magma. The slab window created by the opening of the Pacific slab north of Kamchatka (below the Bering Islands) provides an upper mantle thermal conduit that may accentuate magmatism in this subduction zone .
Active source seismic investigations of the Klyuchevskoy region indicated low attenuation of seismic waves at shallow depths below Klyuchevskoy, although the authors report a corresponding shadow zone below Bezymianny [Anosov et al., 1978] . The absence of a significant attenuating body below Klyuchevskoy precluded the possibility of a large magma body below the edifice, although a small low velocity region was postulated for Bezymianny. Anosov et al. [1978] recognized that there must be a deeper source of magma at depth and hypothesized magma accumulation below 20 km. Images presented here delineate the deep magma accumulation, although we cannot draw conclusions here, due to resolution limitations, about the presence or absence of magma accumulations below Klyuchevskoy or Bezymianny.
CONCLuSION
Tomographic P-wave images of Klyuchevskoy volcano show a significant P-wave anomaly ranging from 20-40 km below the edifice of the Klyuchevskoy group. This anomaly appears narrow in the 20 km depth range and broadens laterally around 30-35 km depth, perhaps suggesting ponding and accumulation at the Moho discontinuity. We cannot yet determine the level of percent melt in this region, although the size of the anomaly strongly suggests that a significant amount of magma resides at depth below the Klyuchevskoy group and is most likely the main source feeding this very active region along the Kamchatka Subduction zone. 
